All relevant data are available from GenBank with Short Read Archive under accession number SRR 1122446 (Lee et al. 2014). Additional data are available from the authors on request.

Introduction {#sec001}
============

Skeletal muscle, one of the most highly organized structures in the body, acts as a source of power for locomotion and other daily activities essential for survival. In vertebrates, development of skeletal muscle that commences at the embryonic stage ends only after postnatal growth during which an organism attains its fully developed size \[[@pone.0133597.ref001]\]. Skeletal muscle is unique in that this tissue arises from the fusion of mononuclear myoblasts accompanied by the expression of several myogenic regulatory factors (MRFs) following cell cycle exit to ensure the coordinated response to neural input \[[@pone.0133597.ref002]--[@pone.0133597.ref007]\]. Among basic helix-loop-helix (bHLH) and MADS-box families of MRFs (MYOD, MYF5, MRF4, and myogenin: MYOG) that play a critical role in myogenic differentiation, MYOD and MYF5 specifically play redundant roles during myoblast proliferation \[[@pone.0133597.ref008]\]. MYOG is responsible for terminal differentiation and cannot be compensated by other MRFs \[[@pone.0133597.ref009]--[@pone.0133597.ref012]\]. MYF5, MYOD, and MRF4 also spur the expression of genes that are essential for muscle satellite cells (MSCs) proliferation \[[@pone.0133597.ref008], [@pone.0133597.ref013], [@pone.0133597.ref014]\].

MSC progeny can be distinguished from their quiescent progenitors based on distinctive gene expression patterns. In adults, MSCs cycle through the steps of embryonic myogenesis to either add to or replace current muscle fibers \[[@pone.0133597.ref015]--[@pone.0133597.ref019]\]. Unlike the enigmatic status of genes that perform important functions in bovines, expression of a large number of genes (particularly those corresponding to different transcription factors) has been observed in mouse MSCs \[[@pone.0133597.ref020]\]. Therefore, it is important to delineate the expression profile of genes with unknown function in bovine-derived MSCs. Our interests in obtaining the regulatory profile of genes with important functions in mouse MSCs led us to perform the current investigation with bovine MSCs to have a clear understanding of bovine muscle development. By employing microarray, expressed sequence tag (EST) followed by RNA-Seq techniques to MSCs satellite cell analysis, we were able to delineate the regulatory network of genes corresponding to different transcription factors and certain prominent members of the extracellular protein family, involved in controlling myoblast differentiation \[[@pone.0133597.ref020], [@pone.0133597.ref021]\]. We were able to elucidate and assign specific roles to certain genes, such as transthyretin, that are novel with respect to their involvement in myogenesis \[[@pone.0133597.ref022]\]. While investigating the gene expression profile of MYOG knock-down (MYOG~kd~) in bovine MSCs using RNA-Seq, we observed differential expression patterns of many genes, particularly those involved in biological pathways such as cell proliferation and DNA replication (up-regulated) or phosphate metabolic processes (down-regulated) \[[@pone.0133597.ref023]\].

A large number of high-throughput studies have been performed to explore the functional roles of genes found to have altered expression patterns during skeletal muscle differentiation \[[@pone.0133597.ref005], [@pone.0133597.ref024]--[@pone.0133597.ref026]\]. Microarray \[[@pone.0133597.ref012], [@pone.0133597.ref027], [@pone.0133597.ref028]\] along with RNA-Seq \[[@pone.0133597.ref029]\] studies have improved our knowledge of myogenesis by identifying diverse types of target genes encoding myogenic transcription factors or novel myogenic regulatory factors which govern the fusion of myoblasts into myotubes that were otherwise hard to detect with conventional methods. In spite of these improvements, the roles that these genes play in skeletal muscle development as well as the understanding of underlying molecular mechanisms are still poorly understood. Therefore, we performed the current study to investigate the molecular mechanism underlying muscle cell differentiation by identifying genes involved in myogenesis. We created an interaction network of differentially expressed genes (DEGs) as well as additional related genes predicted by GeneMANIA, identified hub genes in the network based on their node degree distribution, and performed a functional study using gene knock-down. Furthermore, we identified functional modules in this network of DEGs, and an enrichment analysis of these modules was carried out by the Database for Annotation, Visualization and Integrated Discovery (DAVID) functional analysis tool. Our findings offer new insights into the role of hub genes in skeletal muscle development that will help to develop strategies for improving the meat quality and in combating muscle diseases.

Materials and Methods {#sec002}
=====================

Datasets and network analysis {#sec003}
-----------------------------

For this study, 230 up- and 223 down-regulated genes identified with bovine MYOG~kd~ RNA-Seq data were analyzed \[[@pone.0133597.ref023]\]. Functional interactions between these DEGs were predicted by the GeneMANIA webserver \[[@pone.0133597.ref030]\]. In addition to the DEGs, 50 additional genes were used to create the interaction network using the Gene Ontology (GO) term "biological process" and *Homo sapiens* as a source species. Three interaction networks were created using up-regulated genes, down-regulated genes, and a combination of the up- and down-regulated genes. Relationships of genes in the network in terms of coexpression, physical and genetic interactions, pathways, colocalization, protein domain similarity, and predicted interactions were evaluated.

Detection of hub genes {#sec004}
----------------------

In scale-free biological networks \[[@pone.0133597.ref031]\], nodes having large number of interacting partners represent hubs in the network. Hubs were detected by calculating the node degree distribution \[[@pone.0133597.ref032]\] using the Network Analyzer (<http://apps.cytoscape.org/apps/networkanalyzer>) plugin of Cytoscape.

Community analysis and comparison of different clustering methods {#sec005}
-----------------------------------------------------------------

The three interaction networks were visualized with Cytoscape 2.8.2 \[[@pone.0133597.ref033]\]. We also compared three widely used network clustering algorithms including MCL \[[@pone.0133597.ref034], [@pone.0133597.ref035]\], MCODE \[[@pone.0133597.ref036]\], and the greedy algorithm (GLay) \[[@pone.0133597.ref037]\] using clusterMaker \[[@pone.0133597.ref038]\] and GLay plugins \[[@pone.0133597.ref039]\]. To explore the enriched biological functions within each cluster, the detected clusters were subjected to functional enrichment analyses by the DAVID tool (<http://david.abcc.ncifcrf.gov/home.jsp>). For the enrichment analysis, only communities with at least 10 nodes were evaluated.

Bovine MSCs culture {#sec006}
-------------------

Bovine skeletal muscles were collected from the hind leg of 24- to 26-month old Korean cattle \[[@pone.0133597.ref040]\] with a body weight of 550--600 ㎏. The animals were handled according to a protocol approved by the Animal Care and Concern Committee of the National Institute of Animal Science (Republic of Korea). The collected muscle tissue was minced and digested with trypsin-EDTA (Gibco, CA, USA), centrifuged at 90 × g for 3 min, and the upper phase was passed through a 40-㎛ cell strainer (Falcon, NY, USA). Following centrifugation of the filtrate at 2,500 rpm, the resulting pellet was collected, washed with Dulbecco's modified Eagle's medium (DMEM; HyClone Laboratories, UT, USA), and cultured at 37°C under 5% CO~2~ in DMEM supplemented with 10% fetal bovine serum (FBS; HyClone Laboratories) and 1% penicillin/streptomycin (P/S). The culture medium was changed every other day. To induce differentiation, the cells were allowed to grow without reducing serum (DMEM with 10% FBS and 1% P/S) for 10, 12, 14, and 16 day. Bovine MSCs used in this study were provided by the Bovine Genome Resources Bank of Yeungnam University (Gyeongsan, Republic of Korea).

shRNA construction and MYOG knock-down in bovine MSCs {#sec007}
-----------------------------------------------------

Bovine MYOG shRNA was designed using nucleotide sequence information obtained from National Center for Biotechnology Information (NCBI; AB257560) and cloned with a pRNAT-U6.2/Lenti vector (GeneScript, NJ, USA). MYOG shRNA or scrambled vector (MYOG~wt~) were transfected in 293 FT cells using CaCl~2~ to generate viral particles. After 2 days of transfection, the supernatant containing viral particles expressing shRNA specific for bovine MYOG or the scrambled vector was collected and used to transfect MSCs (Day 8). The transfected cells were selected with 50 ㎍/㎖ of G418 (Calbiochem, CA, USA). The selected cells were allowed to differentiate and harvested at Day 21. The following oligonucleotide was used to generate MYOG shRNA: 5′- GGATCCCGCGCAGACTCAAGCCGCCGGTGTTCAAGAGACACCTTCTTGAGTCTGCGCTTTTCCAACTCHGAG-3′ (sense). 293 FT cells were procured from Korea University Dr. Chun's lab, Republic of Korea.

C2C12 cell culture {#sec008}
------------------

Mouse C2C12 cells (kindly provided by the Korean Cell Line Bank, Republic of Korea) were cultured in DMEM (HyClone Laboratories) supplemented with 10% FBS (HyClone Laboratories) and 1% P/S (Invitrogen, CA, USA) at 37°C in 5% CO~2~. For differentiation, cells grown to 70% confluence were incubated with differentiation media (DMEM with 2% FBS), and cultured for 0, 2, 4, and 6 days during which time the medium was changed every 2 day.

MYOG and CTNNA2 knock-down in C2C12 cells {#sec009}
-----------------------------------------

MYOG expression was knocked down using shRNA. C2C12 cells grown to 30% confluence were transfected with 1 ng of vector containing MYOG shRNA or the scrambled vector using transfection reagent (Santa Cruz Biotechnology, CA, USA). Transfected cells treated with 2 ㎍/㎖/ puromycin (Santa Cruz Biotechnology) for selection were grown to 70% confluence before switching to differentiation media. MYOG knock-down cells were cultured in differentiation media. Detailed information describing the shRNA sequences is provided in **A) in [S1 Table](#pone.0133597.s001){ref-type="supplementary-material"}.**

For CTNNA2 knock-down using siRNA, C2C12 cells grown to 50% confluence were transfected with 100 μM of control or CTNNA2-specific siRNA (Thermo, Waltham, CO, USA) using Lipofectamine (Invitrogen) in transfection medium (Gibco, Grand Island, NY, USA). The transfected cells were grown to 70% confluence before switching to differentiation media. CTNNA2 knock-down cells were cultured in differentiation media. Detailed information describing the siRNA sequences is provided in **B) in [S1 Table](#pone.0133597.s001){ref-type="supplementary-material"}.**

RNA extraction and real-time RT-PCR {#sec010}
-----------------------------------

Cells were harvested with TRIzol reagent (Invitrogen) according to the manufacturer's protocol. Total RNA was extracted and stored in diethylpyrocarbonate (Sigma Aldrich)-treated H~2~O at -80°C until it was used for further experiments. Complementary DNA (cDNA) was synthesized from 1 ㎍ of total RNA using reverse transcriptase (Invitrogen, Carlsbad, CA). Reverse transcription was then performed at 42°C for 50 min and 72°C for 15 min. Subsequently, 2 ㎕ of cDNA product and 10 pmol each of gene-specific primer were used for PCR with a 7500 real-time PCR system (Applied Biosystems, Foster City, CA, USA). A Power SYBR Green PCR Master Mix (Applied Biosystems) was used as the fluorescence source. Primers were designed with Primer 3 software ([http://frodo.wi.mit.edu](http://frodo.wi.mit.edu/)) using sequence information obtained from the NCBI. The primer sequences are provided in **[S2 Table](#pone.0133597.s002){ref-type="supplementary-material"}.**

Immunocytochemistry {#sec011}
-------------------

C2C12 cells grown in a covered glass-bottom dish (SPL, Yeoju, Republic of Korea) were treated with differentiation medium and stained for CTNNA2 protein following 0 and 6 days of incubation. Briefly, the cells were rinsed with PBS and fixed with 4% formaldehyde. Following permeabilization with 0.2% Triton X-100 (Sigma-Aldrich, MO, USA) for 5 min, the cells were incubated overnight with anti-CTNNA2 antibody (1:50; Abcam, MA, USA) at 4°C in a humid environment. Secondary antibody (1:100; Alexa Fluor 488 goat anti-rabbit SFX kit; Invitrogen) was then applied for 1 h at room temperature. Next, the samples were rinsed with PBS after which the nuclei were counterstained with 4' 6'-diamino-2-phenylindole (DAPI; Sigma-Aldrich). Finally, pictures were taken using a fluorescent microscope equipped with a digital camera (Nikon, NY, USA).

Fusion index determination {#sec012}
--------------------------

Cell nuclei were stained with Giemsa G250 (Sigma-Aldrich) and pictures were captured randomly in three different fields using digital camera equipped with microscope. The number of nuclei in myotubes and total number of nuclei in the cells were also counted in each field. The fusion index was calculated as the percentage of nuclei incorporated into myotubes versus the total number of nuclei.

Western blot analysis {#sec013}
---------------------

After washing with ice-cold PBS, cells were lysed with RIPA buffer (Thermo) containing protease inhibitor cocktail (Thermo). Total protein was isolated by centrifugation of the lysate at 12,000 rpm for 10 min at 4°C after which the protein concentration was determined by the Bradford method. The total protein (40 ㎍) was separated in 8% or 10% SDS-polyacrylamide gels by electrophoresis and transferred to PVDF membranes (Millipore, MA, USA). The blots were subsequently blocked with 3% skim milk (BD, MD, USA) or BSA (Sigma-Aldrich) in TBST for 1 h and then incubated overnight at 4°C with antibodies against CTNNA2 (1:500, Santa Cruz Biotechnology), type I collagen α1 (COL1 α 1; 1:2500, Abcam), Myostatin (MSTN; 1:400, Santa Cruz Biotechnology), or β-actin (1:2000, Santa Cruz Biotechnology) diluted with 1% skim milk or BSA in TBS. After washing with TBST, the blots were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (goat anti rabbit or mouse, Santa Cruz Biotechnology) for 1 h at room temperature. After washing with TBST, antibody binding was detected with Super Signal West Pico Chemiluminescent Substrate (Thermo).

Statistical analysis {#sec014}
--------------------

Mean values for normalized expression were compared using Tukey's studentized range (HSD) to identify significant differences in gene expression. P-values \< 0.05 were considered statistically significant. Real-time RT-PCR data were analyzed with a one-way ANOVA using PROC GLM in the SAS package ver. 9.0 (SAS Institute, Cary, NC, USA).

Results {#sec015}
=======

DEGs and network construction {#sec016}
-----------------------------

A total of 230 up-regulated and 223 down-regulated genes identified by comparing MYOG~wt~ and MYOG~kd~ primary bovine MSCs were studied \[[@pone.0133597.ref023]\]. The GeneMANIA webserver was used to predict interactions between the DEGs and 50 additional related genes in the network using the GO term "biological process" and source organism *Homo sapiens* as additional parameters. Out of the 230 up- and 223 down-regulated genes, GeneMANIA was able to recognize 217 and 215 genes, respectively. Using these DEGs and the 50 related genes identified by GeneMANIA, three interaction networks were created. The first interaction network (***Network 1***) was created using 215 down-regulated genes and showed enrichment of processes related to the TGF-β signaling pathway (**[S3 Table](#pone.0133597.s003){ref-type="supplementary-material"}**). In this network, red squares represented down-regulated genes and nodes shown in cyan were GeneMANIA-predicted genes (**[Fig 1A](#pone.0133597.g001){ref-type="fig"}**). The second network (***Network*** 2) contained 217 up-regulated genes (nodes in green) and GeneMANIA-predicted genes (nodes in cyan; **[Fig 1B](#pone.0133597.g001){ref-type="fig"}**). Processes related to the cell cycle were the main processes in this network (**[S4 Table](#pone.0133597.s004){ref-type="supplementary-material"}**). The final network (***Network 3***) consisted of 432 genes (both up- and down-regulated) as well as GeneMANIA-predicted genes (**[Fig 1C](#pone.0133597.g001){ref-type="fig"}**). The three interaction networks predicted by GeneMANIA were exported to Cytoscape for filtering (to remove duplicate edges and self-loops), and topological properties such as node degree were assessed. After removing the duplicate edges and self-loops, ***Network 1*** contained 264 nodes and 4545 edges whereas ***Network 2*** had 264 nodes and 4309 edges. Similarly, the filtered ***Network 3*** (the main network in this study) had 481 nodes and 11374 edges, and functions related to the cell cycle were overrepresented (**[Table 1](#pone.0133597.t001){ref-type="table"}**).

![The interaction networks for DEGs as predicted by GeneMania and visualized in Cytoscape.\
The three networks represent interactions for A) down-regulated genes, B) up-regulated genes, and C) a combination of up- and down-regulated genes.](pone.0133597.g001){#pone.0133597.g001}

10.1371/journal.pone.0133597.t001

###### Functional enrichment of differentially expressed genes (DEG) and 50 related genes in the network as reported by GeneMANIA.

![](pone.0133597.t001){#pone.0133597.t001g}

  Functions                                                                                        FDR
  ------------------------------------------------------------------------------------------------ -----------
  response to zinc ion                                                                             0.0000142
  regulation of growth                                                                             0.000176
  negative regulation of growth                                                                    0.000315
  DNA strand elongation involved in DNA replication                                                0.000315
  response to cadmium ion                                                                          0.000315
  MCM complex                                                                                      0.000315
  interphase of mitotic cell cycle                                                                 0.00035
  interphase                                                                                       0.000386
  S phase of mitotic cell cycle                                                                    0.000386
  DNA strand elongation                                                                            0.000389
  mitosis                                                                                          0.000389
  nuclear division                                                                                 0.000389
  cell cycle checkpoint                                                                            0.000447
  regulation of cell cycle process                                                                 0.000477
  S phase                                                                                          0.000477
  M phase of mitotic cell cycle                                                                    0.000642
  G1/S transition of mitotic cell cycle                                                            0.00088
  organelle fission                                                                                0.000981
  cellular response to metal ion                                                                   0.00108
  cellular response to inorganic substance                                                         0.00153
  regulation of mitotic cell cycle                                                                 0.00163
  zinc ion binding                                                                                 0.00163
  perinuclear region of cytoplasm                                                                  0.00202
  regulation of transcription involved in G1/S phase of mitotic cell cycle                         0.00711
  DNA-dependent DNA replication                                                                    0.0105
  regulation of peptidase activity                                                                 0.0127
  cell growth                                                                                      0.0129
  M/G1 transition of mitotic cell cycle                                                            0.0169
  microtubule associated complex                                                                   0.0204
  response to interleukin-6                                                                        0.0205
  transition metal ion binding                                                                     0.0211
  regulation of endopeptidase activity                                                             0.0231
  enzyme inhibitor activity                                                                        0.0281
  DNA replication                                                                                  0.029
  regulation of proteasomal protein catabolic process                                              0.0322
  acute inflammatory response                                                                      0.0407
  leukocyte migration                                                                              0.047
  positive regulation of cell cycle process                                                        0.0509
  regulation of protein catabolic process                                                          0.0522
  regulation of cell growth                                                                        0.0553
  proteasomal protein catabolic process                                                            0.0618
  positive regulation of cell cycle                                                                0.0727
  leukocyte chemotaxis                                                                             0.0734
  acute-phase response                                                                             0.0734
  neutrophil chemotaxis                                                                            0.0734
  regulation of mitosis                                                                            0.0786
  regulation of nuclear division                                                                   0.0786
  regulation of proteolysis                                                                        0.082
  cellular response to drug                                                                        0.082
  anaphase-promoting complex-dependent proteasomal ubiquitin-dependent protein catabolic process   0.082
  endopeptidase regulator activity                                                                 0.083
  regulation of leukocyte migration                                                                0.0896
  proteasomal ubiquitin-dependent protein catabolic process                                        0.0938
  cell chemotaxis                                                                                  0.0965
  microtubule-based process                                                                        0.0965
  mitotic prometaphase                                                                             0.0965

Identification of hub genes {#sec017}
---------------------------

In order to identify potential hub genes, the node degree of each node in all three networks was calculated with the Network-Analyzer plugin of Cytoscape. Genes with the highest node degree were considered hub genes in each of these networks. CTNNA2 was the hub gene in ***Network 1*** and ***Network 3*** with node degrees of 89 and 136, respectively. In ***Network 2***, CDC20 was the top hub with a node degree of 83. In **[Table 2](#pone.0133597.t002){ref-type="table"}**, all genes that had a node degree ≥100 in ***Network 3*** are listed. Since CTNNA2 was identified as the top hub gene in two out of three interaction networks (***Networks 1*** and ***3***), *in vitro* studies were designed to explore the functional significance of this gene in skeletal muscle development using primary bovine MSCs. The top hub gene CTNNA2 and its interacting partners are presented in **[Fig 2A](#pone.0133597.g002){ref-type="fig"}** In **[Fig 2B](#pone.0133597.g002){ref-type="fig"}**, it can be observed that these interacting partners are involved in collagen catabolic processes and skeletal muscle development (up-regulated genes), or processes related to cell growth and morphogenesis (down-regulated genes). Similarly, the GeneMANIA-predicted first neighbors of CTNNA2 were involved in either DNA replication or DNA metabolic processes (**[Table 3](#pone.0133597.t003){ref-type="table"}**).

![CTNNA2 is a hub in the network of down-regulated genes as well as the network created by combining the up- and down-regulated genes.\
**A)** The hub CTNNA2 (yellow) and its first neighbors. Genes that were up-regulated in MYOG~kd~ cells are shown in green whereas the down-regulated genes are shown in red. The genes predicted by GeneMania are shown in cyan. **B)** Functional enrichment of first neighbors of CTNNA2. The green circles represent up-regulated gene nodes and are enriched in metabolic processes. The larger red circles represent down-regulated nodes and are enriched in processes related to cell growth, morphogenesis, and migration. The smallest circle (cyan) represents the group of genes predicted by GeneMania and is enriched for DNA replication and DNA metabolic processes.](pone.0133597.g002){#pone.0133597.g002}

10.1371/journal.pone.0133597.t002

###### Summary of 13 hub genes detected by network analysis.

![](pone.0133597.t002){#pone.0133597.t002g}

  Gene ID   Uniprot ID   Protein Name                                                       GO term (Biological Process)
  --------- ------------ ------------------------------------------------------------------ -------------------------------------------------------------
  CTNNA2    A6QPC5       Catenin alpha-2                                                    cell adhesion
  GOT2      P12344       Aspartate aminotransferase, mitochondrial                          cellular amino acid metabolic process, biosynthetic process
  PLXNC1    E1BDY7       Plexin-C1                                                          signal transduction, multicellular organismal development
  RPRM      Q1RMT2       Protein reprimo                                                    cell cycle arrest, regulation of mitotic cell cycle
  MKI67     P46013       MKI67 FHA domain-interacting nucleolar phosphoprotein              DNA metabolic process, cell proliferation
  ADAMTS9   E1BI72       A disintegrin and metalloproteinase with thrombospondin motifs 9   proteolysis
  FEN1      Q58DH8       Flap endonuclease 1                                                DNA repair
  CDC6      Q99741       Cell division control protein 6 homolog                            DNA replication
  KIF11     E1BF29       Kinesin-like protein                                               microtubule-based movement
  STAC      A0JNJ1       SH3 and cysteine-rich domain-containing protein                    intracellular signal transduction
  PLK1      Q2TA25       Serine/threonine-protein kinase PLK1                               protein phosphorylation
  MCM3      A4FUD9       DNA replication licensing factor MCM3                              DNA replication, DNA replication initiation
  MAD2L1    Q13257       Mitotic spindle assembly checkpoint protein MAD2A                  mitotic spindle assembly checkpoint

10.1371/journal.pone.0133597.t003

###### Top enriched GO terms for CTNNA2 and its first neighbors.
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  Term                                                                   P-Value
  ---------------------------------------------------------------------- -------------
  GO:0048666\~neuron development                                         0.007508112
  GO:0030182\~neuron differentiation                                     0.011068049
  GO:0030574\~collagen catabolic process                                 0.011911391
  GO:0007049\~cell cycle                                                 0.012624252
  GO:0009057\~macromolecule catabolic process                            0.013262195
  GO:0016049\~cell growth                                                0.014377241
  GO:0001503\~ossification                                               0.015704029
  GO:0000904\~cell morphogenesis involved in differentiation             0.016507381
  GO:0060348\~bone development                                           0.019609996
  GO:0044243\~multicellular organismal catabolic process                 0.019723571
  GO:0022402\~cell cycle process                                         0.019741599
  GO:0031175\~neuron projection development                              0.020394638
  GO:0032963\~collagen metabolic process                                 0.022693643
  GO:0044259\~multicellular organismal macromolecule metabolic process   0.027468976
  GO:0016337\~cell-cell adhesion                                         0.028182696
  GO:0016477\~cell migration                                             0.028182696
  GO:0016477\~cell migration                                             0.028182696
  GO:0008361\~regulation of cell size                                    0.029200653
  GO:0007155\~cell adhesion                                              0.031998038
  GO:0022610\~biological adhesion                                        0.032284455

Community analysis {#sec018}
------------------

Since ***Network 3*** was largest of the three networks and contained both up- and down-regulated genes, we selected this network to identify functional modules using greedy algorithm (GLay). A total of four functional clusters were detected with only the first three clusters having more than ten genes; these were further subjected to functional analysis to identify enriched GO terms. **[Fig 3A](#pone.0133597.g003){ref-type="fig"} (Cluster 1--4)** shows the functional modules detected by GLay. A DAVID functional analysis tool was employed to categorize the genes in each cluster and observe the overrepresented GO terms in all three modules (**[Table 4](#pone.0133597.t004){ref-type="table"}**). Overall, 233 enriched GO terms were identified in all three clusters. One hundred and thirty-six statistically significant (p-value ≤ 0.05) GO terms were overrepresented in cluster 1, which was the largest detected cluster. Among the 10 most significant enriched factors, processes related to homeostasis were more prominent in cluster 1 (**[Table 4A](#pone.0133597.t004){ref-type="table"} and [S5 Table](#pone.0133597.s005){ref-type="supplementary-material"}**). Other overrepresented processes in this cluster include leukocyte migration, response to wounding, and cell migration and motion. A total of 93 GO terms that were enriched in cluster 2 included processes related to the cell cycle and DNA replication (**[Table 4B](#pone.0133597.t004){ref-type="table"} and [S6 Table](#pone.0133597.s006){ref-type="supplementary-material"}**). Cluster 3 was the smallest of all the modules detected. It consisted of only four statistically significant phosphorous metabolism-related GO terms such as protein amino acid phosphorylation and the phosphorous metabolic process (**[Table 4C](#pone.0133597.t004){ref-type="table"}**). No enriched category was observed in cluster 4 as this cluster was omitted from the functional analysis because it only contained two genes.

![Communities generated by three different clustering methods.\
**A)** Cluster 1--4: Greedy algorithm (GLay)-generated communities are shown. In each community, up-regulated nodes are represented by green circles whereas the down-regulated nodes are shown in red. As presented in the figure, most nodes in a network were assigned to a community. Community 1 has CTNNA2 as the hub node highlighted in yellow. **B)** Cluster 1--8, along with remaining one: MCODE-generated communities are shown. Many nodes are not clustered, and the top hub CTNNA2 is grouped into community 6. **C)** MCL produced only one large community with more than 10 nodes.](pone.0133597.g003){#pone.0133597.g003}

10.1371/journal.pone.0133597.t004

###### Enriched GO terms in each cluster detected by GLay.

![](pone.0133597.t004){#pone.0133597.t004g}

  Term                                                       P-value
  ---------------------------------------------------------- ------------
  **A) Cluster 1**                                           
  GO:0050900\~leukocyte migration                            1.316E-05
  GO:0009611\~response to wounding                           1.5127E-05
  GO:0055080\~cation homeostasis                             4.6482E-05
  GO:0050801\~ion homeostasis                                5.6871E-05
  GO:0006873\~cellular ion homeostasis                       6.7452E-05
  GO:0055082\~cellular chemical homeostasis                  8.1336E-05
  GO:0006928\~cell motion                                    0.00011197
  GO:0016477\~cell migration                                 0.00012824
  GO:0055066\~di-, tri-valent inorganic cation homeostasis   0.00012879
  GO:0030003\~cellular cation homeostasis                    0.00022731
  **B) Cluster 2**                                           
  GO:0007049\~cell cycle                                     2.611E-15
  GO:0000278\~mitotic cell cycle                             1.6135E-13
  GO:0022403\~cell cycle phase                               2.3341E-12
  GO:0022402\~cell cycle process                             4.307E-12
  GO:0007067\~mitosis                                        4.6172E-11
  GO:0000280\~nuclear division                               4.6172E-11
  GO:0000087\~M phase of mitotic cell cycle                  6.3176E-11
  GO:0048285\~organelle fission                              9.2574E-11
  GO:0000279\~M phase                                        1.8784E-10
  GO:0006260\~DNA replication                                2.4533E-09
  **C) Cluster 3**                                           
  GO:0006468\~protein amino acid phosphorylation             0.00187298
  GO:0016310\~phosphorylation                                0.00414241
  GO:0006793\~phosphorus metabolic process                   0.00947152
  GO:0006796\~phosphate metabolic process                    0.00947152

In addition to GLay, we also compared the cluster analysis results with two other well-known clustering programs: MCODE and MCL. MCODE detected 12 clusters, but only nine that contained ≥ 10 nodes were selected for enrichment analysis (**[Fig 3B](#pone.0133597.g003){ref-type="fig"} Cluster 1--8 along with remaining one**). These nine modules were associated with 93 statistically significant GO terms. Clusters 1, 8, and 9 did not have any enriched categories. Cluster 2 was enriched in leukocyte migration and enzyme-linked receptor protein signaling pathway, whereas cluster 3 showed overrepresentation of biosynthetic processes such as those involved in nitrogen compound and cofactor biosynthesis. Cluster 4, the largest cluster detected by MCODE, included processes related to the cell cycle and cell division. Cluster 5 was mainly associated with regulation processes that govern nucleocytoplasmic and intracellular transport, response to stimuli, immune effector activity, and neuron differentiation. In cluster 6, the enriched terms included cell motility, cell motion, and phosphorous metabolic process whereas cluster 7 was associated with responses to wounding and inflammation in addition to the phosphorous metabolic process (**A) in [S7 Table](#pone.0133597.s007){ref-type="supplementary-material"}**). On the other hand, a total of seven clusters were detected by MCL with only one large cluster having more than 10 nodes (**[Fig 3C](#pone.0133597.g003){ref-type="fig"}**). This cluster had 102 significantly enriched GO terms with the most enriched representing processes related to the cell cycle and DNA replication (**B) in [S7 Table](#pone.0133597.s007){ref-type="supplementary-material"}**). For comparison, the numbers of statistically significant GO terms reported by three different algorithms are summarized in **[Fig 4](#pone.0133597.g004){ref-type="fig"}**.

![Comparison of statistically significant GO terms reported by different algorithms.\
In the figure it can be observed that GLay produced the maximum number of statistically significant GO terms.](pone.0133597.g004){#pone.0133597.g004}

CTNNA2 expression during differentiation and effects of MYOG knock-down in bovine MSCs {#sec019}
--------------------------------------------------------------------------------------

Based on our initial network analysis in which CTNNA2 was identified as the top hub gene with the maximum interacting partners (genes), an *in vitro* study was carried out to explore the functional significance of this gene in skeletal muscle development using primary bovine MSCs. After isolating the MSCs from bovine hind leg skeletal muscle, MSCs stained with Pax7 were used to determine cell purity. Around 85% of the total cell population was found to express Pax7. To elucidate the function of CTNNA2 during bovine MSC differentiation, changes in mRNA expression over time were evaluated. CTNNA2 expression was increased on Day 12 (Differentiation) compared to Day 10 (Proliferation) (**[Fig 5A](#pone.0133597.g005){ref-type="fig"}**). Correlation of CTNNA2 and MYOG expression was validated through RNA-Seq analysis (Lee et al., 2014). To establish the relationship between MYOG and CTNNA2, MYOG shRNA was transfected in MSCs. Expression of MYOG and CTNNA2 was decreased in MYOG~kd~ cells compared to MYOG~wt~ cells (**[Fig 5B](#pone.0133597.g005){ref-type="fig"}**). Results of these knock-down studies indicated that CTNNA2 expression is involved in myogenesis and is regulated by MYOG.

![CTNNA2 expression during myogenesis in bovine MSCs and C2C12 cells.\
Bovine MSCs were cultured for 10, 12, 14, and 16 days in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin (P/S). RNA was then isolated. **A)** CTNNA2 expression was analyzed by real-time RT-PCR and had increased on Day 12 compared to Day 10. **B)** MYOG gene expression was knocked down in bovine MSCs. MYOG and CTNNA2 expression was measured in MYOG knock-down cells. C2C12 cells were cultured with differentiation media for 0, 2, 4, and 6 days. mRNA expression was then analyzed by real-time RT-PCR. **C)** CTNNA2 expression was elevated on Day 6 compared to Day 0. **D)** Protein localization was observed by immunocytochemistry on Day 0 and 6. CTNNA2 protein was highly expressed inside myotubes on Day 6. **E)** MYOG expression was knocked down with shRNA in C2C12 cells that were cultured in differentiation media for 6 days. Gene expression was analyzed by real-time RT-PCR. Expression of MYOG and CTNNA2 was down-regulated in MYOG~kd~. The p-value indicated statistical significance of the data (p\<0.05, mean ± standard deviation \[S.D.\], n = 3).](pone.0133597.g005){#pone.0133597.g005}

CTNNA2 expression during differentiation and effects of MYOG, CTNNA2 knock-down in C2C12 cells {#sec020}
----------------------------------------------------------------------------------------------

To confirm the data obtained from the bovine MSC studies, the expression of CTNNA2 in C2C12 cells was assessed. mRNA expression was measured in cells cultured with 2% FBS for 0, 2, 4, and 6 days. It was found that mRNA levels had gradually increased by day 6 compared to day 0 (**[Fig 5C](#pone.0133597.g005){ref-type="fig"}**).

Protein localization studies using immunocytochemistry revealed that CTNNA2 expression was highly restricted to the cytoplasm. Expression had increased on day 6 compared to day 0 (**[Fig 5D](#pone.0133597.g005){ref-type="fig"}**). To elucidate the correlation between CTNNA2 and MYOG expression in C2C12 cells, MYOG knock-down was performed with shRNA. Results of the experiment revealed that expression of both MYOG and CTNNA2 was down-regulated in MYOG~kd~ cells compared to MYOG~wt~ cells. Data from the knock-down studies demonstrated that expression of CTNNA2 is regulated by MYOG in C2C12 cells.

Myotube formation and ECM gene expression in C2C12 cells with knocked down CTNNA2 expression {#sec021}
--------------------------------------------------------------------------------------------

C2C12 cells transfected with CTNNA2 siRNA (CTNNA2~kd~) were cultured with 2% FBS for 6 day. Cell morphology, tube formation, and fusion index values were similar for both cell (normal and knock-down) lines (**[Fig 6A and 6B](#pone.0133597.g006){ref-type="fig"}**)**.** CTNNA2 and MYOG mRNA expression was also analyzed by real-time RT-PCR. CTNNA2 expression was decreased substantially whereas MYOG expression was not significantly altered by knocking down CTNNA2 (CTNNA2~kd~; **[Fig 6C](#pone.0133597.g006){ref-type="fig"}**). Simultaneously, ECM is considered essential for myotube formation and the expression of muscle-specific gene products \[[@pone.0133597.ref041]\]. The expression of ECM genes (COL1α1, COL1α2, and MSTN) was increased during myogenesis (unpublished data). To establish the relationship between CTNNA2 and the ECM during myogenesis, mRNA and protein expression of COL1α1, COL1α2, and MSTN was measured in CTNNA2~kd~ cells. Both mRNA and protein expression of all three genes was significantly increased in CTNNA2~kd~ cells compared to CTNNA2~wt~ cells (**[Fig 6D and 6E](#pone.0133597.g006){ref-type="fig"}**). These results indicated that CTNNA2 helps maintain balance between the expression of MRF and ECM gene expression during muscle differentiation.

![Myogenesis and associated genes evaluated by CTNNA2 knock-down.\
C2C12 cells were transfected with CTNNA2-specific siRNA and incubated with 2% FBS for 6 d. **A)** Morphology of the CTNNA2~wt~ and CTNNA2~kd~ cells was similar. **B)** The fusion index was determined and the values were similar for CTNNA2~wt~ and CTNNA2~kd~ cells. **C)** mRNA expression was analyzed by real-time RT-PCR. CTNNA2 expression was decreased in CTNNA2 knock-down cells. However, MYOG expression was similar in the CTNNA2~wt~ and CTNNA2~kd~ cells~.~ **D)** Expression of ECM genes was analyzed by real-time RT-PCR. COL1α1, COL1α2, and MSTN gene expression was increased in CTNNA2~kd~ cells. In particular, MSTN expression was the highest among the four genes. **E)** Protein expression of CTNNA2, COL1α1, and MSTN in CTNNA2~kd~ was analyzed by Western blotting. CTNNA2 and ECM protein expression levels were similar to the mRNA expression patterns. The p-value indicates the statistical significance (p\<0.05, mean ± S.D., n = 3).](pone.0133597.g006){#pone.0133597.g006}

Discussion {#sec022}
==========

By definition, MSCs under the basal lamina are stem cells in muscle with the ability to self-renew and differentiate into myoblasts. Once satellite cells differentiate into myoblasts, they fuse into myofibers and contribute to myofiber growth. To obtain insight into the transcriptome of primary bovine MSCs, we recently performed an analysis with MYOG~kd~ samples using the RNA-Seq approach \[[@pone.0133597.ref023]\]. Generally, a typical high throughput analysis targets the identification of DEGs while a pathway analysis followed by experimental validation of a few selected genes (based on fold change in expression) is performed to measure functional enrichment. Knowing that DEGs may be equally or more significant for elucidating the process of skeletal muscle development, we created interaction networks of DEGs identified from MYOG~kd~ samples in order to obtain insight into the relationships with respect to one another. In the present study, we constructed three interaction networks (using up-regulated or down-regulated genes and a combination of all genes) from the list of DEGs for MYOG~kd~ primary bovine MSCs. As part of our previous study, we found that genes involved in cell division, DNA replication, and phosphate metabolic processes were differentially expressed \[[@pone.0133597.ref023]\]. The node degree of each gene in all three networks was calculated. It was observed that CTNNA2 had the highest node degree in ***Networks 1*** and ***3***, whereas CDC20 was the gene with highest node degree in ***Network 2***. Since CTNNA2 was found to have the highest node degree in two out of three networks, this gene was considered a hub gene in the present study. Therefore, its functional significance in skeletal muscle development was further explored.

The CTNNA2 gene encodes catenin alpha-2 or alpha N-catenin in humans and mice, but is recorded as an uncharacterized protein in the UniProt for bovine (UniProt IDs: P26232; Q61301). CTNNA2 protein acts as a linker between cadherin adhesion receptors and the cytoskeleton to control cell-cell adhesion and differentiation in the nervous system. This protein also regulates morphological plasticity of synapses as well as cerebellar and hippocampal lamination during development \[[@pone.0133597.ref042]--[@pone.0133597.ref044]\]. CTNNA2 is also part of a cell surface complex that includes Ig/FNIII proteins CDO and BOC, N- and M-cadherin (promyogenic cell adhesion molecules), and β- and α-catenin (cadherin-associated proteins) that may direct several aspects of myogenesis \[[@pone.0133597.ref045]--[@pone.0133597.ref048]\].

Recently, we identified CTNNA2 as a DEG that is down-regulated by at least 4-fold in MYOG~kd~ primary bovine MSCs using RNA-Seq analysis \[[@pone.0133597.ref023]\]. In **[Fig 2](#pone.0133597.g002){ref-type="fig"},** it can be observed that CTNNA2 CTNNA2 (a cell adhesion protein) has diverse interacting partners including other cell adhesion molecules such as PLXNC1, CDK5R1, CDH18, COL15A1, and JAM2 (down-regulated) as well as IBSP, CLDN6, PCDHB11, and SELPLG (up-regulated). These cell adhesion molecules along with other genes as seen in **[Fig 2](#pone.0133597.g002){ref-type="fig"}**are involved in various biological processes such as collagen catabolism, skeletal muscle development, cell growth, and morphogenesis (**[Table 3](#pone.0133597.t003){ref-type="table"}**). Moreover, we also observe cross-talk between these processes, thereby suggesting that one gene may be involved in various myogenic pathways (**[Fig 2](#pone.0133597.g002){ref-type="fig"}**). CTNNA2 expression was also increased during myogenesis. CTNNA2 and MYOG expression was analyzed in CTNNA2 and MYOG knock-down cells. CTNNA2 expression was decreased in MYOG~kd~. However, expression of MYOG was not significantly altered in CTNNA2 knock-down cells. Results of this experiment indicated that MYOG may be upstream of CTNNA2.

To further explore the role of CTNNA2 in myogenesis, we evaluated genes (MYOG, COL1α1, COL1α2, and MSTN) that are known to play substantial roles in skeletal muscle development \[[@pone.0133597.ref049]--[@pone.0133597.ref051]\]. A substantial increase in the expression of these genes (**[Fig 6](#pone.0133597.g006){ref-type="fig"}**) in CTNNA2~kd~ cells suggested that CTNNA2 holds a significant role in collagen catabolism, cell adhesion, and myogenesis. Collagen, proteoglycans, and adhesive glycoproteins are key components of the ECM, and are involved in ECM-receptor interactions as well as focal adhesion \[[@pone.0133597.ref050]\]. Explicit interactions among cells and ECM facilitated by transmembrane molecules or other cell surface-associated factors may directly or indirectly regulate cellular activities such as adhesion and migration \[[@pone.0133597.ref050]\].

Identifying the structure and function of biological networks is crucial for the exploration of biological phenomena. The interest in exploiting the use of network based studies to address key biological issues is ever increasing \[[@pone.0133597.ref052]--[@pone.0133597.ref054]\]. In this work, four functional modules or clusters were identified in ***Network 3*** using the GLay plugin for Cytoscape. Additionally, the functional enrichment of each module in the network was explored using the DAVID functional annotation tool. Our analysis demonstrated that among the 10 most significant enrichments, cluster 1 homeostasis was highly overrepresented. Some of the genes grouped under homeostasis by the DAVID functional analysis encode channel proteins such as ryanodine receptor 1 (RYR1) and sodium channel protein type 1 subunit alpha (SCN1A). RYR1 is an indispensable factor for maintaining calcium homeostasis in mammalian skeletal muscle. Inactivation of this protein is lethal at birth in mice and mutations of the RYR1 gene in humans are associated various muscle disorders \[[@pone.0133597.ref051]\]. Similarly, voltage-gated sodium channels are involved in the early increase and consequent transmission of action potential in skeletal muscle \[[@pone.0133597.ref055]\]. Cluster 2 was enriched in processes related to the cell cycle and DNA replication. It included genes that encode various cell division homologue proteins such as cell division cycle 45 (CDC45), CDC20, and CDC6. The third cluster in the network was enriched in phosphorous metabolic processes. The community structure of our network concurs with results of our recent work on MYOG~kd~ primary bovine MSCs \[[@pone.0133597.ref023]\].

Molecular target discovery and targeted therapeutics have become indispensable ever since the advancement of bioinformatics \[[@pone.0133597.ref056]\]. Although the present study highlights the importance of *in silico* approaches for assigning novel role to genes such as CTNNA2 in myogenesis, at the same time our findings open up several avenues that emphasize the importance of predicting how genes interact with each other to regulate homeostasis. It is also apparent that *in silico*-predicted results are highly correlated with experimental data. Altogether, understanding the structure and function of DEGs is essential not only for elucidating their roles during proliferation and differentiation, but can also be useful for predicting the binding specificities of genes to counteract several muscular dystrophies by designing potent inhibitors against target genes.
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